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There are a number of compelling reasons why a dynamic model of consumption 30 rates of non-meat diets in a population would be valuable when forming social and 31 business policy. Firstly, around the world hundreds of millions of people are 32 estimated to follow a vegetarian diet which avoids consumption of meat (including 33 fish) or a vegan diet which additionally avoids consumption of eggs, dairy, and other 34 products derived from animals (Cooney, 2014 , ch.2; Leahy et al., 2010) , and 35 governments could use a dynamic model to plan for their future needs, for example in 36 hospitals or other institutional settings. Secondly, the market for products substituting 37 for animal derived products is worth many billions of dollars in the U.K. and U.S. 38 alone (Priority Ventures Group, 2011; Mintel, 2014) , and business could use a 39 dynamic model to help project and meet emerging demand. Thirdly, there is an active 40 discussion about whether promoting a vegetarian diet increases the number of people 41 who subsequently adopt a vegan diet (Shephard, 2015; Dunayer, 2004, p.155 ; 42 Francione, 2010) , and a dynamic model can help to inform the analysis. consume a diet, the merits and practicalities of the diet may become better known 128 (McDonald, 2000) . A person considering consumption therefore faces less 129 uncertainty about the outcomes, and they may value consumption more highly as a 130
result. 131
Thus, consumer i derives utility from selection of a vegetarian diet at time t equal to 132
where L it is an indicator variable equal to 1 if D it is an omnivorous diet and 0 134 otherwise, M it is an indicator variable for whether D it is a vegetarian diet, and H it is an 135 indicator variable for whether D it is a vegan diet. l it , m it , and h it are the proportions of 136 consumer i's peer group who at time t are following an omnivorous diet, a vegetarian 137 diet, and a vegan diet respectively. X it is a vector of control variables. f is a real-138 valued function. 139
The utility that consumer i derives from an omnivorous diet and a vegan diet are 140 similarly specified. Without loss of generality, we can write these utilities as 141 functions without explicit dependence on L it-1 and l it-1 , since L it-1 = 1 -max(M it-1 , H it-1 ) 142
and l it-1 = 1 -m it-1 -h it-1 . 143
Consumers choose between the different diets based on the utilities they derive from 144 them. The mean μ Mit of the vegetarian indicator M it is assumed to be linear in the 145 determinants of the vegetarian diet's utility and its alternatives' utilities: 146 We can view this expression as a first-order approximation to a more complex 148 function, with local validity. As we will later see that our data fluctuate in a relatively 149 small domain, this approximation is reasonable. Similarly, H it has a mean 150 same for all members of a peer group, we can write the relation as 161
are the averages of the control variables in the peer group. 163
Similarly, 164
Overall company profits from selling food are assumed to be independent of the 166 number of vegetarians and vegans. This assumption can be justified by noting that 167 there are very few people who do not follow an omnivorous diet, so that their 168 purchasing decisions will have very little influence on most food company profits. 169
There may be a handful of foods marketed only to vegetarians and vegans whose 170 prices are affected by their numbers, but the bulk of foods eaten even in vegetarian 171 and vegan diets are consumed by almost all of the population. As overall company 172 profits are independent of the number of vegetarians and vegans, average food prices 173 are independent of them as well. 
and 182 Overall, non-response bias does not seem to have much influence on our estimates. 231
The surveys provide personal and demographic information about the households, 232 as well as information on their expenditure. Adult members were asked to take part in 233 an initial interview collecting information about the household, and its large or regular 234 expenditure. They were additionally asked to complete a daily diary of their detailed 235 expenditure over two weeks. From 1995 onwards, children were also requested to 236 complete expenditure diaries. To ensure comparability over time, we only use 237 expenditure data from adults. The processed data are available in accompanying 238 online files for this paper. 239
240
Variables 241
The vegetarian rate is calculated as the proportion of households in a cohort that are 242 following a vegetarian diet, expressed as a number from zero to one. A household 243 follows a vegetarian diet if no individual within it bought meat but at least one 244 individual did buy dairy or eggs. We do not consider a household's consumption of 245 animal-derived products such as honey and gelatine, which are typically consumed in 246 far smaller amounts than dairy or eggs and which are discussed much less often in 247 critical commentary on animal rearing practices. 248
When calculating the rate, we exclude households that only consume convenience 249 foods purchased as an entire meal rather than as its individual components. The main 250 convenience foods within our data are take-away foods, meals bought and consumed 251 in the workplace, and meals bought from restaurants and snack bars. The contents of 252 these meals are not specified in the survey data, so we cannot distinguish whether 253 they contain meat, dairy, or eggs (a similar issue arises in Leahy et al. (2010) ). 254
We also considered excluding a much larger number of households that consumed 255 some but not only convenience food, in case they were vegetarians or vegans at home 256 but omnivores when eating out, and found results similar to those here but with lower 257 significance. However, extensive exclusion brings its own problems. and we acknowledge it as a limitation of our paper. 267
We take households to be the consumers in our model, as in Vinnari et al. (2010) . 268
Individual purchases are reported in our datasets, but they may be made for others in 269 the household so we can't say that an individual is a vegetarian or vegan based on 270 their purchases or absence of them. With household data, purchases are less likely to 271 be made for a different unit and so are more likely to be an accurate reflection of 272 behaviour. Household consumption data also avoid definitional problems where 273 people often report themselves to be vegetarians despite consuming meat (Juan et al., 274 2015) . 275
An alternative approach would be to calculate the number of people in each 276 household who follow each type of diet, based on the consumption of the whole 277
household. This approach is followed in Leahy . This factor will tend to increase the household vegetarian rate relative to 304 the individual rate. The two factors appear to roughly cancel out, leaving our 305 household rates similar to individual rates in earlier surveys. 306
As far as we are aware, our data provide the first national panel dataset on 307 vegetarian and vegan rates, as well as being consistent with the rates found in the 308 majority of other surveys. 309
The vegan rate is calculated as the proportion of households in a cohort that are 310 following a vegan diet, expressed as a number from zero to one. A household follows 311 a vegan diet if no individual within it consumed meat, dairy, or eggs. 312
As control variables, we used prior literature to guide our selection: the number of 313 adults in the household (Hoek et The control variables are highly correlated, so their full, separate inclusion will be 323 likely to lead to biased estimates on their own and other coefficients. Procedures 324 aimed at excluding some or all of the variables are very unreliable in the presence of 325 high correlation (Olejnik et al., 2000) , and may again lead to coefficient biases. In 326 order to retain the full effect of these variables while avoiding collinearity, we ran a 327 factor analysis with varimax rotation. We include three factors cumulatively 328 accounting for over 99 percent of variance. We call these factors established 329 (weighting most heavily on the number of children and employment status), size 330 (weighting most heavily on the number of adults and married status), and skills 331 (weighting most heavily on years of education and income). 332
We additionally considered inclusion of covariates measuring whether households 333 are based in particular geographical regions, as U.K. food consumption shows some 334 regional patterns (Morris and Northstone, 2015; Hawkesworth et al., 2017). However, 335 much of the effect of region on food consumption acts through socio-economic 336 factors (Hawkesworth et al., 2017 ), which we already control for in our data, and 337 which are a more proximate cause. Region may not be additionally informative about 338 vegetarian and vegan rates, and may cause collinearity. To check whether these 339 considerations were correct, as an additional covariate we included the proportion of 340 each cohort resident in eleven U.K. regions (with London taken as an omitted base 341 reference). Although the overall pattern of results was not changed, we found that 342 parameters lost significance individually and collectively, and the Akaike and 343
Bayesian information criteria both preferred the model without the regional 344
proportions, pointing to collinearity and possible irrelevance problems. Similar 345 outcomes were obtained when we used proportions resident in each U.K. constituent 346 country. We therefore do not include region as a covariate in our main results. 347
Time dummies control for price changes, as well as the effect of other shocks such 348
as the BSE crisis that may simultaneously change both vegetarian and vegan rates. 349
Cohort dummies control for any influences that are constant within the cohort, such 350 as social norms of meat consumption that were present in their childhood. 351
For comparison with earlier work, Table 1 significance, ** denotes five percent significance, and *** denotes one percent significance.
368
Statistical methods 369
We estimate the following empirical specification: 370 The estimates in table 3, columns 1 and 2 can be used to calculate equilibrium rates 483 of vegetarian and vegan consumption given the values of the determining variables in 484 2014. The equilibrium rates were defined in the model section to be the values at 485 which the expected vegetarian and vegan rates in the next period are the same as the 486 rates in the current period, holding the control variables constant and calculated using 487 our estimated parameters. We use equations (Eq5) the size variable has negative time trend, and the skills variable has a positive time 499 trend (panel unit root tests reject unit roots as an alternative explanation for the drifts). 500
From table 3, we see that these changes are likely to increase the equilibrium rates of 501 vegetarian and vegan consumption among households. 502
We can classify the stability of the equilibrium by looking at the eigenvalues of the 503 VAR system formed by the estimated coefficients in table 3, columns 1 and 2. The 504 eigenvalues are less than one in absolute value (0.08 and 0.28), so the VAR process is 505 covariance-stationary (Hamilton, 1994, p. 259) . This means that the effects of a 506 shock to the rates of vegetarianism or veganism (i.e. a temporary event changing 507 those rates) will fall to zero over time, and the rates will tend to return to their 508 equilibrium level. We discuss this issue further in the next section. 509 510
Vegetarian campaigns and vegan adoption 511
In this section, we will assess the claims that campaigns which promote vegetarian 512 adoption do not promote vegan adoption (Dunayer, 2004, p.155; Francione, 2010) . 513
To do so, we start by arguing that the estimated relations in table 3 show causal 514 relations from lagged vegetarian and vegan rates to current ones. We then argue that 515 generalised impulse response functions show the effects of campaigns within cohorts, 516 before calculating the effect of a vegetarian impulse on a vegan response, which 517 allows us to see how vegetarian campaigns affect the vegan rate. 518 Table 3 plausibly shows the strength of the causal relation between the lagged 519 vegetarian and vegan rates to current ones, for a number of reasons. Firstly, there is a 520 believable theoretical rationale for suspecting a causal link: people find it easier to 521 consume a diet if they already follow a diet which shares much of its content. 522 Secondly, the relation expresses the strength of Granger causality between the 523 variables -the statistical significance of the lagged variables' effect on current 524 variables is shown. Thirdly, our model controls for household fixed effects and other 525 potential influences which could be a common source of variation in both vegetarian 526 and vegan rates. Fourthly, it is unlikely that large numbers of people switch to a 527 vegetarian diet in anticipation of later vegan consumption (which would explain 528 reverse causality from vegan consumption to lagged vegetarian consumption). People 529 often consume a vegetarian diet as meritorious in itself (for example citing concerns 530 over health or factory farming as in Shephard (2015) shock to the error term, the vegetarian rate would temporarily change, and the vegan 558 rate would also temporarily change at the same time, because past data show that the 559 changes are correlated with each other. The difference between the two campaign 560 characterisations is analogous to the difference between impulse response functions 561 and orthogonalised or generalised impulse response functions in time series analysis 562 (Hamilton, 1994, p. 318-322; Pesaran and Shin, 1998) . In practice, as the cross-563 equation error correlations in Table 3 are low, there will not be much difference in 564 estimated campaign effects between the two characterisations. 565 will depend on the uncertain initial campaign effect. 576 Figure 2 shows that at the time of the initial campaign promoting vegetarian 577 adoption within a cohort, there is no significant change in the vegan rate, reflecting 578 the low cross-equation error correlation. After one year, the increase in the vegan rate 579 is equal to 0.05 of the initial increase in the vegetarian rate, and is marginally 580 insignificant (p = 0.101). After two years, the increase in the vegan rate is equal to 581 0.02 of the initial increase in the vegetarian rate (and 99 percent significant), while 582 after three years it is only 0.01 of the initial increase in the vegetarian rate. Thus, the 583 effect of a vegetarian campaign on the vegan rate is highest after one year, and 584 significant but small after two years. The vegan rate change declines to close to zero 585 after three years. 586
We can also use the GIRF to see the effect of a persistent campaign that achieves 587 the same initial increase in the vegetarian rate within a cohort at the start of every year. 588
The effect on vegan adoption can be calculated by summing the GIRF responses over 589 every time period. The cumulative increase in the vegan rate is equal to 0.09 of the 590 initial increase in the vegetarian rate, with ten percent significance. 
596
The size of the vegan response is rescaled to be a fraction (zero to one) of the initial vegetarian impulse.
597
The solid line shows the response, and the dotted lines show symmetric 95 percent confidence intervals.
598
Standard errors at each time period are calculated from 1000 bootstraps. in a population. We presented a flexible model of consumer dietary choice, and 603 derived the joint dynamics of vegetarian and vegan rates at the population level. We 604 fitted the model to a pseudo-panel of U.K. households based on 23 years of data, and 605 estimated it using various panel vector autoregression methods. We used our model 606 to estimate equilibrium vegetarian and vegan rates, and examined changes in rates 607 after a shock. We demonstrated that the effects of campaigns promoting a vegetarian 608 or vegan diet can be assessed using generalised impulse response functions, and 609 examined how vegetarian campaigns affect the vegan rate, answering an active 610 question among campaigners. consumption that, as far as we are aware, is the first national panel dataset of 617 vegetarian and vegan rates. For the U.K., we showed that the vegetarian rate is 618 largely determined by current household characteristics, but that the vegan rate is 619 determined both by current household characteristics and its own lagged value. 620
We also are the first authors to establish the existence and nature of the equilibrium 621 rates of vegetarianism and veganism in the U.K. We found the equilibrium rates to be 622 2.84 percent for vegetarianism and 0.48 percent for veganism among households 623 where the main survey respondent was born between 1930 and 1974, holding 624 household characteristics constant. We showed that the equilibrium is stable, so that 625 rates tend to return to it after a shock, and we also showed that the equilibrium rates 626 have tended to increase over time as exogenous household characteristics change. 627
We have also contributed to the active debate on whether campaigns promoting a 628 vegetarian diet also promote a vegan diet (Shephard, 2015; Dunayer, 2004, p.155; 629 Francione, 2010) . We are the first to demonstrate that the generalised impulse 630 response function can be used to estimate temporary and persistent campaign effects, 631 finding that in the U.K. a temporary vegetarian campaign causes an increase in the 632 vegan rate after one year, equalling 0.05 of the initial increase in the vegetarian rate, 633 but that the effect declines to close to zero after three years. We also found that for a 634 persistent vegetarian campaign, the increase in the vegan rate is significant and equal 635 to 0.09 of the initial increase in the vegetarian rate. This research did not receive any specific grant from funding agencies in the public, 680 commercial, or not-for-profit sectors. 681
